





































Airborne	 electromagnetic	 (AEM)	 surveys	 undertaken	 at	 low	 altitude	 and	 small	
flight	 separations	 may	 be	 used	 to	 provide	 environmental	 subsurface	
assessments.	 	Some	of	 the	 land	quality	 issues	require	quite	detailed	scales	(<	1	
km)	of	information.		Trial,	fixed‐wing	AEM	surveys	were	conducted	in	the	central	
English	Midlands	for	such	purposes.		This	paper	investigates	a	specific	issue,	that	
of	 the	 canopy	 effect,	 which	 needs	 to	 be	 addressed	 when	 high‐resolution	 AEM	
data	are	to	be	interpreted	accurately.		Any	elevated	feature	(typically	tree	cover)	
















may	 be	 returned.	 	 Published	 numerical	 inversion	 schemes,	 used	 for	 AEM	
modeling,	do	not	discuss	any	corresponding	requirement	to	reduce	canopy	effect	
bias.	 	 Underestimated	 altitude	 measurements	 introduce	 false,	 high	 resistivity	
zones	with	high	wavenumber	content	unless	an	equivalent	pseudo‐layer	concept	
is	 used.	 	 The	 study	 indicates	 a	 requirement	 for	 a	 formal,	 pseudo‐layer	 (an	 at‐
surface	 perfect	 resistor	 of	 variable	 depth)	 to	 be	 included	 in	 the	 model	 when	
canopy	 zones	 are	 present.	 	 The	 procedure	 returns	 stable,	 zero	 estimates	 of	
canopy	thickness	in	the	absence	of	tree	cover	and	realistic	heights	of	the	canopy.		
In	the	example	considered,	resistivity	models	obtained	from	a	conventional	look‐













AEM	surveying	can	employ	 frequency‐domain	or	 time‐domain	techniques.	 	The	
frequency‐domain	 systems,	 discussed	 here,	 currently	 exist	 as	 towed‐bird	




by	 a	 factor	 of	 about	 3.	 	 A	 further	 difference	 lies	 in	 operational	 height	 above	
ground.	 	 Typically	 HEM	 operates	 the	 towed	 sensor	 bird	 about	 30	 m	 above	
ground	 level	 while	 fixed	 wing	 systems	 (with	 larger	 dipole	 moments)	 may	 be	
flown	 much	 higher.	 	 Early	 HEM	 and	 fixed	 wing	 systems	 used	 one	 or	 two	
simultaneous	 operating	 frequencies	 and	 these	 have	 been	 extended	 both	 in	




system	was	used	 in	a	series	of	 trials	 in	 the	U.K.	 to	acquire	detailed	data	sets	 in	
addition	 to	 magnetic	 gradiometer	 and	 radiometric	 information.	 	 The	 data	
acquired	constitute	the	first	high	resolution	AEM	survey	information	to	address	
specific	environmental	issues	in	the	U.K.			The	purpose	of	the	trials	was,	in	part,	
to	 assess	 the	 case	 for	 the	 inclusion	 of	 AEM	 in	 future	 strategic	 airborne	
geophysical	surveying	of	the	UK.		Four	areas	in	the	East	Midlands	were	surveyed.		






The	 GTK	 system	 used	 in	 the	 surveys	 is	 described	 in	 detail	 by	 Poikonen	 et	 al.	
(1998).	 	 Jokinen	 &	 Lanne	 (1996)	 describe	 environmental	 applications	 of	 the	




recorded	 simultaneously	 at	 4	 Hz.	 	 Coupling	 ratios	 are	 here	 defined	 as	 the	
secondary	 to	 primary	 field	 ratio	 multiplied	 by	 106	 for	 both	 the	 in‐phase	 and	
quadrature	components.	 	The	3.1	kHz	data	is	referred	to	here	as	low	frequency	








land‐use	 issues	 including	 waste	 planning	 and	 pollution	 control	 (Beamish	 and	
Kurimo,	2000).		Some	of	these	issues	require	quite	detailed,	local	scale	(<	1	km)	
information.	 	When	 airborne	data	 are	 acquired	 over	 populated	 areas,	 coupling	
from	both	at‐	 and	near‐surface	 cultural	 artefacts	 (e.g.	 buildings,	 pipelines,	 etc.)	
may	occur.		The	survey	data	contain	examples	of	the	many	influences	(geological,	






recourse	 to	 modeling.	 	 Resistivity	 modeling	 of	 AEM	 data	 was	 introduced	 by	
Fraser	(1978)	and	involves	the	transformation	of	single	frequency	AEM	data	to	a	
half‐space	resistivity	model.		According	to	Huang	and	Fraser	(2001),	the	pseudo‐
layer	 half‐space	model,	 using	 in‐phase	 (IP)	 and	quadrature	 (Q)	 components	 as	
input,	 is	 the	 modeling	 method	 of	 choice	 for	 displaying	 apparent	 resistivity	 in	
both	plan	and	section	(Sengpiel,	1988;	Huang	and	Fraser,	1996).		This	is	largely	
because	of	an	immunity	of	the	pseudo‐layer	model	to	altimeter	errors.		Although	





In	 addition	 to	 the	 nomogram/look‐up	 table	 algorithms	 noted	 above,	 formal	
numerical	inversion	techniques	are	now	being	widely	applied	to	AEM	data.		The	
formal	 techniques	 can	 be	 used	 to	 obtain	 both	 half‐space	 resistivity	 estimates	
(Beamish,	2001)	or,	 in	 the	case	of	a	 sufficient	number	of	available	 frequencies,	
they	 can	 be	 used	 to	 obtained	 multi‐layer	 resistivity	 models	 (Sengpiel	 and	
Siemon,	2000).		All	the	formal	inversion	techniques	typically	require	a	minimum	




When	 assessing	 the	 detailed	 resistivity	 information	 obtained	 at	 the	 local	 scale	
from	the	trial	data,	the	issue	of	tree	canopy	effects	is	an	important	consideration.		
Across	 the	 U.K.,	 forestry	 is	 a	 highly	 managed	 activity	 resulting	 in	 many	
geometrical	 zones	 with	 well‐defined	 boundaries	 across	 the	 landscape.	 	 The	
effects	of	incorrect	altimeter	estimates	due	to	tree	canopy	on	resistivity	models	
are	considered	here.		Only	1D,	half‐space	modeling	techniques	are	used.		Both	the	
pseudo‐layer	 and	 formal	 inversion	methods	of	 obtaining	 resistivity	models	 are	
investigated.	 	 Following	 a	 brief	 description	 of	 the	 relevant	 theory	 of	 AEM	
resistivity	modeling,	 the	 sensitivity	of	 coupling	 ratios	 to	elevation	 is	described.		
Theoretical	 effects	 on	 resistivity	 models	 due	 to	 incorrect	 (underestimated)	
















based	 on	 the	 uniform	 apparent	 half‐space	 model	 that	 involve	 different	
combinations	of	the	measured	parameters	of	sensor	elevation,	IP	and	Q	at	each	
frequency.		One	of	the	modeling	methods	is	referred	to	as	the	pseudo‐layer	half‐
space	 resistivity.	 	 In	 this	 method,	 the	 sensor	 altitude	 above	 ground	 level	 (as	
measured	 by	 a	 laser	 or	 radar	 altimeter)	 is	 not	 used	 in	 the	 calculation.	 	 The	
pseudo‐layer	 method	 is	 used	 here	 since	 it	 is	 intended	 to	 provide	 reliable	
resistivity	 estimates	 when	 the	 sensor	 altitude	 is	 incorrectly	 measured	 due	 to	
elevated	features.		The	basis	of	the	method	is	illustrated	in	Figure	1.	
		
Using	 the	 measured	 IP	 and	 Q	 coupling	 ratios	 at	 a	 single	 frequency,	 a	 curve	
matching	 (nomogram	 or	 look‐up)	 algorithm	 is	 used	 to	 obtain	 the	 apparent	
resistivity	 of	 a	 half‐space	 (Fraser,	 1978;	 Beard,	 2000).	 	 As	 a	 by‐product,	 the	
algorithm	also	 returns	an	estimate	of	apparent	distance	 (Da	 in	Figure	1)	 to	 the	
ground	 surface.	 	 Since	 sensor	 altitude	 (h)	 is	 also	measured,	 an	apparent	depth	
(da)	may	be	determined	as	da	=	Da	–	h.		When	da=0	(Da=h),	there	are	no	apparent	










at	 a	 specific	 frequency	 and	 coil	 separation,	 there	 exists	 a	 unique	 half‐space	








Formal	 1D	 half‐space	 and	 multi‐layer	 inversion	 techniques	 are	 now	 being	
increasingly	applied	to	multi‐frequency	AEM	data	sets.		The	degree	to	which	half‐
space	 and	 multi‐layer	 models	 are	 employed	 is,	 in	 practice,	 a	 function	 of	 the	
number	 of	 survey	 frequencies	 and	 their	 bandwidth.	 	 Paterson	 and	 Redford	
(1986)	 describe	 a	 2‐and	 3‐layer	 formal	 inversion	 method	 applied	 to	 multi‐
frequency	helicopter	EM	data.		The	first	layer	of	the	3‐layer	model,	assumed	to	be	




and	 Siemon	 (1998)	 provide	 examples	 of	 1D	 inversion	 when	 the	 resistivity	
distribution	is	3D.	 	None	of	the	formal	methodologies	appear	to	require	the	use	




In	 this	paper,	 three	resistivity	modeling	procedures	are	compared.	 	The	 first	 is	
the	 conventional	 pseudo‐layer	 IP‐Q	 method	 (PL‐Fraser)	 developed	 by	 Fraser	
(1978).	 	 The	method	 returns	 apparent	 resistivity	 and	 apparent	 depth	 at	 each	
measured	frequency.		No	misfit	error	is	provided.		The		other	methods	are	half‐
space	 formal	 inversions	of	 single	 frequency	data	components	 (again	 IP	and	Q).		
The	algorithm	uses	 a	 typical	Marquardt‐Levenburg	 formalism	and	 is	described	
by	Beamish	(2001).		The	first	inversion	uses	a	single	half‐space	(HS)	model	while	
the	 second	 inversion	 incorporates	 a	 fixed‐resistivity	 (100,000		 m),	 variable	
thickness	 layer	 above	 a	 half‐space.	 	 The	 second	 method	 returns	 a	 half‐space	
apparent	 resistivity	 and	 the	 thickness	 of	 the	 at‐surface	 pseudo‐layer	 together	
with	a	misfit	error.		The	second	method	clearly	constitutes	a	formal	equivalent	to	
the	existing	pseudo‐layer	concept	and	is	referred	to	as	a	pseudo‐layer	half‐space	
(PL‐HS).	 	 It	 will	 be	 appreciated	 that	 although	 only	 1D	 half‐space	 models	 are	









considered	here	 is	 shown	 in	Figure	2.	 	The	 coupling	 ratios	are	calculated	 for	a	
uniform	 half‐space	 of	 20		 m	 across	 a	 range	 of	 altitudes.	 	 The	 10‐m	 altitude	





(3.1	 kHz)	 and	 <	 10	 ppm	 (14.4	 kHz)	 are	 quoted.	 	 These	 levels	 of	 sensor	 noise	
imply	a	theoretical	altitude	measurement	accuracy	of	 less	than	4	cm	at	the	 low	
frequency	and	less	than	2	cm	at	the	higher	frequency	(for	a	20		m	half‐space	at	
a	survey	elevation	of	40	m).	 	 It	 can	readily	be	understood	 that	even	sub‐meter	
variations	in	altitude	are	highly	significant.	
	
If	we	 assume	 that	 the	 elevated	 feature,	 such	 as	 a	 tree	 canopy,	 has	no	 inherent	
electromagnetic	 coupling	 effect	with	 the	 AEM	 system,	 then	 the	measurements	
















2)	 as	 an	 example,	 the	 PL‐Fraser	 algorithm	 will	 always	 return	 a	 half‐space	
resistivity	estimate	of	20		m.	 	 If	 incorrect	estimates	of	 the	elevation	are	used	
with	 the	 40m	 elevation	 response	 data,	 the	 algorithm	 returns	 an	 apparent	




underestimated	 sensor	 elevations	 are	 used.	 	 Figure	 3	 shows	 the	 half‐space	
resistivities	returned	for	the	GTK	system	when	a	20		m	response	obtained	at	40	










To	 illustrate	 the	sensitivity	of	coupling	ratios	 to	 flight	elevation,	a	0.5	km		0.5	
km	zone	within	a	wider	survey	area	(4.5		1.5	km)	has	been	chosen.	 	The	area	
comprises	 flat‐lying	 farmland	with	 no	 elevated	 structures	 or	 tree	 cover.	 	 Only	
field	boundaries	(hedges	and	fences)	are	contained	within	the	selected	area.		The	
geology	is	a	highly	uniform,	clay‐rich	Lower	Lias	sequence	that	provides	pseudo‐
layer	 apparent	 resistivities	 of	 between	 3.5	 to	 6.5		 m	 at	 low	 frequency	 and	









Figure	 4a.	 	 The	 range	 extends	 from	 26	 to	 44	m	 and	 peaks	 (25%	 of	 the	 total)	
between	 36.8	 and	 38	 m.	 	 These	 data	 imply	 highly	 competent	 survey	 piloting	
skills.	 	 Despite	 such	 skills,	 flight	 altitude	 variations	 of	 the	 order	 of	 10	 m	 are	
inevitable	 even	 over	 a	 small‐scale	 sub‐sample	 of	 the	 survey	 area	 such	 as	 this.		
The	 variation	 of	 high	 frequency	 coupling	 ratios	 (Q	 component)	 with	 radar	
altitude	across	 the	 test	 area	 is	 shown	 in	Figure	4.b.	 	The	high	 frequency	 ratios	
exhibit	the	largest	degree	of	sensitivity	to	altitude	(e.g.	Figure	2).		Since	the	area	
is	highly	uniform	in	 terms	of	resistivity	and	was	chosen	 to	contain	no	elevated	
structures,	 the	 strong	 inverse	 correlation	 between	 coupling	 ratio	 and	 radar	
altitude	 is	 largely	due	 to	 survey	altitude	variations.	 	The	equivalent	 theoretical	
curves	obtained	from	half‐space	models	of	2.5	and	5		m	are	shown	as	the	solid	
and	dash	lines	for	comparison.		The	measurements	clearly	follow	the	non‐linear	









lines	across	the	area.	 	Two	of	 the	 flight	 lines	are	 labeled	A	and	B	 for	reference.		
The	 extremes	 in	 flight	 elevation	 are,	 in	 fact,	 concentrated	 on	 the	 labeled	 flight	
lines.	 	Flight	 line	A	was	 flown	predominantly	high	 (38	 to	42	m,	Figure	5a)	and	
flight	line	B	was	flown	predominantly	low	(28‐32	m,	Figure	5b),	in	relation	to	the	
average	flight	elevation	for	this	part	of	the	survey	(Figure	4a).		The	high	altitude	
contours	 are	 clearly	 traced	 by	 the	 low	 interval	 (6500	 to	 10500	 ppm)	 high	





















elevated	 structures	 (a	 farm	 and	 a	 hotel,	 denoted	 F	 and	 H,	 respectively)	 and	
contains	 a	 well‐defined,	 L‐shaped	 conifer	 plantation,	 part	 of	 the	 former	
Sherwood	 Forest.	 	 The	 test	 area	 was	 chosen	 to	 avoid	 the	 additional	
interpretation	 issues	 due	 to	 conurbations,	 high‐tension	 power	 line	 routes,	
railways	and	a	regional	drainage	feature	that	exist	in	the	vicinity.	
	
The	 test	 area	 contains	 three	 former	 landfills.	 	 The	 former	 landfill	 zones	 are	
defined	 here	 using	 database	 records	 (polygon	 shape	 files)	 which	 are	 shown	
hatched	and	labeled	as	L1,	L2	and	L3	in	Figure	6.		Landfill	L3	extends	into	the	test	
area	 as	 a	 thin	 finger	 polygon	 in	 the	 database	 records.	 	 The	 landfills	 constitute	
environmental	 targets	of	 the	survey.	 	The	 three	 landfills	 ceased	operation	over	





The	cross	 symbols	denote	all	 radar	altitude	measurements	<	38	m.	 	Elsewhere	
along	the	flight	lines,	altitude	measurements	range	from	38	to	54	m.		Although	an	
exact	 correlation	 cannot	 be	 expected,	 there	 is	 a	 degree	 of	 correspondence	
12	
	




The	 high	 frequency	 (14.4	 kHz)	 data	 obtained	 across	 the	 test	 area	 are	 used	 to	







to	 lie	 in	the	uncontoured	interval	(70	to	120		m).	 	While	Landfill	1	(Figure	6)	
has	 an	 associated	 conductive	 feature,	 Landfill	 2	 has	 no	 equivalent	 expression.		
The	 main	 NE‐SW	 trending	 road	 through	 the	 area,	 together	 with	 a	 northward	






19	 m.	 	 This	 range	 of	 values	 clearly	 outlines	 the	 main	 plantation	 and	 the	 two	
copse	 features	 to	 the	 north	 west	 of	 the	 main	 road.	 	 High	 values	 of	 apparent	
depth,	in	this	case	those	values	>	4	m,	are	associated	with	elevated	features	such	
as	canopy.		The	actual	height	of	the	canopy,	although	variable,	is	estimated	to	be	









Results	obtained	 from	a	half‐space	 (HS)	 formal	 inversion	 that	does	not	 include	




resistive	 interval	 (above	 120		 m).	 	 Due	 to	 the	 data	 range	 of	 high	 resistivity	
values,	a	non‐uniform	contour	interval	is	used	and	values	>	150		m	are	shown	
with	cross‐hatching.		Conductive	features	are	now	associated	with	both	Landfills	
1	and	2	and	 the	 feature	associated	with	Landfill	1	extends	 in	a	continuous	arc,	
westwards	 towards	 the	 road.	 	 	 The	 modeling	 procedure	 does	 not	 produce	 a	
significant	conductive	anomaly	pattern	along	either	the	main	road	or	along	the	





	 m,	 cross‐hatched).	 	 Underestimated	 radar	 altitudes	 clearly	 cause	 incorrect	
high	 values	 of	 resistivity	 as	 predicted	 by	 theory	 (Figure	 3).	 	 The	 range	 of	 the	
discrepancy	 (say	 a	maximum	 canopy	 height	 of	 20	m	 in	 this	 case)	 results	 in	 a	
doubling	of	the	apparent	resistivity	values.		
	
Results	 obtained	 from	 a	 formal	 inversion	 that	 includes	 an	 at‐surface	 resistive	
pseudo‐layer	 (PL‐HS)	 are	 now	 considered.	 	 Figure	 9	 shows	 the	 apparent	
resistivity	 and	 apparent	 thickness	 of	 the	 at‐surface	 resistive	 layer	 obtained	 by	




resistive	 interval	 (120	 to	 150	 	 m).	 	 In	 areas	 where	 no	 canopy	 exists,	 the	























in	 Figure	 7b	 are	 predominantly	 <	 16	m	 and	 appear	 representative	 of	 the	 true	
heights	of	the	woodland.	
	
The	 modeling	 discussed	 here	 has	 been	 limited	 to	 assessments	 of	 half‐space	
resistivity	models.	 	The	accuracy	of	such	models	depends	on	the	validity	of	 the	
half‐space	assumption	that	can	be	both	survey	(altitude	and	frequency)	and	site	
specific.	 Theoretically,	 when	 the	 half	 space	 assumption	 becomes	 less	 valid,	
errors	 (or	 different	 averages)	 could	 be	 introduced	 into	 both	 the	 estimates	 of	
pseudo‐layer	 thickness	 and	 the	 half‐space	 resistivity	 model.	 	 In	 the	 example	
used,	the	greatest	departures	from	the	half‐space	assumption	would	most	likely	







In	 contrast	 to	 the	 PL‐Fraser	 algorithm,	 formal	 inversion	 methods	 provide	 a	
measure	of	misfit	between	data	and	model.		The	misfit	can	play	a	critical	role	in	
understanding	 the	 behavior	 of	 models	 that	 are	 often	 produced	 by	 ‘automatic’	
inversion	 schemes	 (Beamish,	 2001).	 	 A	 detailed	 example	 is	 provided	 by	
examining	the	data	and	models	obtained	along	one	of	the	E‐W	survey	flight	lines.		
Line	172,	 indicated	 in	Figure	6,	 traverses	 the	road	and	canopy	but	 is	displaced	
from	 the	 conductive	 features.	 	 The	 high	 frequency	 IP	 component	 results	 along	
Line	172	are	used	for	illustration.		Figure	10a	shows	the	observed	data	(symbols)	
and	the	IP	response	of	the	two	formal	inversion	methods	(HS	and	PL‐HS).		Figure	
10b	 shows	 the	 apparent	 resistivities	 obtained	 by	 the	 two	 formal	 inversion	
methods	together	with	those	obtained	by	the	PL‐Fraser	method.	
	












excursion	 to	 high	 and	 unrealistic	 values	 of	 resistivity	 when	 altitude	 is	
underestimated	across	the	canopy	zone	is	very	evident	(HS	model,	Figure	10b).		
High	wavenumber	 estimates,	 presumably	 caused	 by	 undulating	 canopy	 height,	
are	also	observed.	 	To	 the	east	of	 the	canopy	zone	 the	 formal	 inversion	results	








This	 paper	 has	 discussed	 the	 canopy	 effect	 in	 relation	 to	 airborne	 EM	








with	 highly	 competent	 piloting	 skills,	 sensor	 altitudes	may	 vary	 by	 10	m	 at	 a	
nominal	survey	height	of	40	m	even	over	small	areas	within	a	wider	survey.		In	
the	example	used,	 the	survey	data	obtained	over	canopy	 indicates	 that	 ‘typical’	




pseudo‐layer	 half‐space	 method	 introduced	 by	 Fraser	 (1978)	 has	 a	 stated	
immunity	 to	 altitude	 errors.	 	 The	 method	 was	 found	 to	 be	 highly	 effective	 in	
returning	 resistivity	 estimates	 ‘unbiased’	 by	 the	 altitude	 errors.	 	 The	 positive	




formal	 pseudo‐layer	 (an	 at‐surface	 perfect	 resistor	 of	 variable	 depth)	 to	 be	
included	in	the	model	when	canopy	zones	are	present.		In	the	absence	of	a	formal	
pseudo‐layer,	 canopy	 zones	 introduce	 false,	 resistive	 zones	with	 an	 associated	
high	wavenumber	content.	 	When	the	pseudo‐layer	 is	 included	in	the	 inversion	









half‐space	resistivity	models	returned	by	 the	 two	pseudo‐layer	procedures.	 	As	







either	 on	 the	 ground	 surface	 or	 across	 a	 canopy,	 will	 be	 different	 for	 a	 laser	
altimeter,	a	radar	altimeter	(used	here)	and	an	AEM	system.	The	different	lateral	
scales	 of	 information	 will	 undoubtedly	 give	 rise	 to	 different	 averages	 in	 the	
estimates	 of	 height	 information.	 	 Two	 possible	 improvements	 to	 aid	modeling	










The	 survey	 data	 discussed	 here	 were	 obtained	 as	 a	 collaborative	 venture	
between	 the	 British	 and	 Finnish	 Geological	 Surveys	 (BGS	 and	 GTK).	 	 The	 BGS	
wishes	 to	 thank	 Maija	 Kurimo	 and	 the	 GTK	 team	 for	 their	 dedication	 and	
professionalism	 during	 the	 survey	 operations.	 	 We	 are	 grateful	 to	 the	
Department	 of	 the	 Environment,	 Transport	 and	 the	 Regions	 and	 the	
Environment	 Agency	 for	 their	 co‐sponsorship	 of	 the	 acquisition	 of	 the	 survey	
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Figure	1.	 	 Illustration	 of	 parameter	 relationships	 involved	 in	 the	pseudo‐layer	










m	 half‐space	 response	 at	 40	m.	 	 The	 recorded	 elevation	 is	 an	 underestimated	
elevation	 due	 to	 canopy	with	 height	 ranging	 from	 0	 to	 10	m.	 	 Low	 frequency	
(LF=3.1	kHz)	and	high	frequency	(HF=14.4	kHz)	results.	
	
Figure	4.	 	 Survey	 results	 obtained	 across	 uniform	 ground	 (0.5		 0.5	 km).	 	 (a)	
Histogram	of	radar	altitudes.		(b)	Variation	of	high	frequency	(HF=14.4	kHz),	Q‐
component	 coupling	 ratios	 with	 radar	 altitude.	 	 Superimposed	 curves	 are	
theoretical	Q‐components	response	estimates	for	half‐spaces	of	5	and	2.5		m.	
	
Figure	5.	 	 Survey	 results	 obtained	 across	 uniform	 ground	 (0.5		 0.5	 km).	 	 (a)	
Radar	altitude	in	the	range	38–42	m,	contour	interval	1	m.		(b)	radar	altitude	in	
the	range	28–	32	m,	contour	interval	1	m.		(c)	High	frequency,	in‐phase	coupling	
ratios	 in	 the	 range	 6500‐10500	 ppm,	 contour	 interval	 500	 ppm.	 	 (d)	 High	
frequency,	 in‐phase	 coupling	 ratios	 in	 the	 range	 13000‐17000	 ppm,	 contour	
interval	500	ppm.	
	
Figure	6.	 	Map	of	1.5	km		1.5	km	canopy	 test	 survey	area.	 	Canopy	shown	as	










frequency	 (14.4	 kHz)	 data.	 	 (a)	 Apparent	 resistivity	 contoured	 as	 30‐70		 m	
(gray	scale),	70	to	120		m	(line	contours	only).		(b)	Apparent	depth	contoured	
continuously,	with	gray	scale	used	 for	values	>	4	m.	 	Negative	values	shown	 in	
cross‐hatch.	
	












flight	 line	 172.	 	 (a)	Observed	 IP‐component	 (symbols),	modeled	 IP‐component	
response	 using	 formal	 half‐space	 (HS)	 and	 pseudo‐layer	 half‐space	 (PL‐HS)	
inversion.	 	 (b)	 Half‐space	 apparent	 resistivities	 obtained	 using	 conventional	




















Figure 1.  Illustration of parameter relationships involved in the pseudo-layer half-
space calculation.  The sensor separation is r.  The on-board altimeter provides a 
correct elevation of h or underestimated h* when elevated features are encountered.  
Apparent distance (to half-space) is Da and formulae give the apparent depth (da) 
















Figure 2.  Variation of coupling ratios with altitude above a 20  m half-space (coil 
separation = 21.36 m).  Low frequency (LF=3.1 kHz) and high frequency (HF=14.4 












Figure 3.  Apparent resistivity results obtained by numerical inversion of a 20  m 
half-space response at 40 m.  The recorded elevation is an underestimated elevation 
due to canopy with height ranging from 0 to 10 m.  Low frequency (LF=3.1 kHz) and 






Figure 4.  Survey results obtained across uniform ground (0.5  0.5 km).  (a) 
Histogram of radar altitudes.  (b) Variation of high frequency (HF=14.4 kHz), Q-
component coupling ratios with radar altitude.  Superimposed curves are theoretical 












Figure 5.  Survey results obtained across uniform ground (0.5  0.5 km).  (a) Radar 
altitude in the range 38–42 m, contour interval 1 m.  (b) radar altitude in the range 28– 
32 m, contour interval 1 m.  (c) High frequency, in-phase coupling ratios in the range 
6500-10500 ppm, contour interval 500 ppm.  (d) High frequency, in-phase coupling 










Figure 6.  Map of 1.5 km  1.5 km canopy test survey area.  Canopy shown as pattern 
fill with symbols of tree type.  F and H denote a farm and a hotel, respectively. Roads 
are denoted in grey.  Cross symbols denote radar altitudes, along E-W flight lines, < 
38 m in elevation.  Three closed and covered landfills are shown as cross-hatched 
polygons, labeled L1, L2 and L3.  Flight line (FL) 172 is shown as a horizontal line.  








Figure 7.  Conventional pseudo-layer half-space results obtained using the high 
frequency (14.4 kHz) data.  (a) Apparent resistivity contoured as 30-70  m (gray 
scale), 70 to 120  m (line contours only).  (b) Apparent depth contoured 



















Figure 8.  Half-space formal inversion results using the high frequency (14.4 kHz) 
data.  Apparent resistivity contoured as 3-70  m (gray scale), 120-150  m (line 





Figure 9.  Formal inversion pseudo-layer half-space result obtained using the high 
frequency (14.4 kHz) data.  (a) Apparent resistivity contoured as 30-70  m (gray 
scale), 70 to 150  m (line contours only).  (b) Thickness of pseudo-layer contoured 








Figure 10.  High frequency (14.4 kHz) observations and models obtained along flight 
line 172.  (a) Observed IP-component (symbols), modeled IP-component response 
using formal half-space (HS) and pseudo-layer half-space (PL-HS) inversion.  (b) 
Half-space apparent resistivities obtained using conventional pseudo-layer (PL-
Fraser) and formal half-space (HS) and pseudo-layer half-space (PL-HS) inversion. 
	
